Methanol diffusion flames are computed with a 2-D Large-Eddy Simulation that uses a partial equilibrium/two-scalar exponential PDF model applied at the subgrid (SGS) level. Turbulent kinetic and scalar energy equations provide the SGS closure. The PDF scalar covariances are obtained from similarity between resolved and modeled fluctuations.
INTRODUCTION
Rising environmental concerns have recently placed stricter controls on pollutant emissions from high-efficiency/high-intensity industrial combustion systems that are most often dominated by strong interactions between the turbulent throughflow and the local chemistry. Under such operating conditions the local flame structure may undergo significant localized or partial extinction and reignition phenomena that on one hand affect overall combustion performance and emissions, and on the other hand, pose a significant challenge in the development of practically useful combustion models (Bilger, 1988) .
The description of the local flame structure under such deviations from equilibrium normally requires treatment of a large number of reactive scalars within the basic conserved scalar approach (Bilger, 1988; Norris and Pope, 1995) . To relieve the burden of multi-scalar approaches, when this is applicable, the local gas state is parameterized in terms of a local Damkohler number while appropriate extinction criteria supply the required information for the progress of reaction (Obounou et al., 1994; Gran et al., 1994; Koutmos and Mavridis, 2000) . The usefulness of such methodologies depends on whether a reasonable representation of the flame structure can be obtained at limiting conditions such as extinction. Due to the complexity of the modeled phenomena, development of these methods on the basis of currently acquired knowledge is warranted to establish their range of validity and applicability. The accumulated Raman-Rayleigh-LIF measurements over a wide range of flame conditions (e.g., have provided valuable insight into the influence of significant finite-rate chemistry effects on the local flame structure aiding modelers to extent available modeling techniques.
An equally important aspect is the impact of time-dependent phenomena due to large-scale vortex structures and flow unsteadiness on the entrainment, heat release, and stability characteristics of practical flames (Takahashi et al., 1996; Vervisch and Poinsot, 1998) . Given that transient extinction/reignition processes may be enhanced or suppressed (Mauss et al., 1990) by active interactions with turbulence, it is clearly desirable to address this coupled behavior within suitable modeling techniques (Takahashi et al., 1996; Pitsch and Peters, 1998) .
Within the context of the discussed issues, Koutmos and Mavridis (2000) extended the basic 2-D LES/two-scalar presumed PDF approach of Koutmos (1999a) by employing a Lagrangian transport equation for a reactedness progress variable in conjunction with a Damkohler extinction criterion and modeled successfully the post-extinction behavior of piloted CH 4 jet flames. This work represents an effort to advance the previous modeling work. A two-scalar reactedness-mixture fraction exponential PDF chemical closure is now adopted to treat the turbulence/chemistry interactions in the post-extinction/reignition regime in pure and air-diluted methanol piloted jet flames exhibiting various degrees of finite-rate kinetic effects. Methanol was chosen because of its importance as an alternative fuel for transportation since it has a leaner flammability limit, produces lower NO x emissions, and being less photochemically active than gasoline does not form smog. Furthermore, methanol represents a further test to the present modeling formulation, as it has a much broader reaction zone than methane. To address this, the extinction treatment of Koutmos (1999b) has been enlarged by introducing a bimodality parameter derived from analyses of the experimental data of . Within the turbulence modeling of the reactedness formulation, this parameter appears to correlate well the bimodal/monomodal behavior close to extinction for a range of fuel blends thus broadening the applicability of the basic method to a variety of fuels. Additionally, the introduction of a "twozone reaction width" formulation to tackle the broader reaction zones of methanol by exploiting two disparate time-scales for the reactedness progress across the reactive space recovered the variable extinction behavior of these fuel blends with dilution over their lean and rich regions. Initial comparisons with the data of Masri et al. (1992 suggest that the model reproduces several difficult trends in the temperature and major species distributions over a range of complex flame conditions.
FLAME CONFIGURATIONS INVESTIGATED
The piloted diffusion flame burner of Masri et al. (1992) is simulated in the present investigations (Figure 1 ). The central fuel jet (operated with pure or 2:1 airdiluted methanol) is 7.2 mm in diameter (D j ) and is surrounded by a stoichiometric, lit, premixed pilot flame (mixture fraction of pilot was taken as 0.135 and 0.2 for the pure and air-diluted fuels respectively) of 18 mm in diameter. The burner is centered in a stream of air coflowing at u e = 15 m/s. The pilot unburnt gas velocity is 3.0 and 2.1 m/s for the two fuel blends used. The following flames were investigated in this work: CH 3 OH flames with fuel jet velocities of 90, 115 and 127 m/s termed here as A1, B1, and C1 and air-diluted CH 3 OH flames with fuel jet velocities of 141, 157, and 169 m/s termed as D1, E1, and F1. The above flame conditions were chosen to cover a variety of local extinction levels found in the intermediate part of the flame and different behaviors as these flames approach global blow-off (Masri et al., 1992) .
COMPUTATIONAL MODEL FORMULATION

Aerodynamic Model
Within the LES formalism the flow variables F can be decomposed in resolvable F and F ′ subgrid quantities using a Favre-weighted filter, F = ρF __ _ ⁄ ρ _ _ (Menon and Calhoon, 1996) . The equations describing the resolvable flow quantities are (Koutmos, 1999a) : ρ, µ, T, and u are the density, viscosity, temperature, and velocity of the gas and
, and R u are the mass fraction, the molecular weight of specie i, and the universal gas constant; σ ij = µ(S ij − 2 ⁄ 3S kk δ ij ), τ ij are the SGS stresses and S ij is the resolvable strain tensor; τ ij is modeled as:
where k s is the SGS energy obtained from a model equation:
where ∆ is the filter length. As C k has been reported to vary significantly in various simulations, an anisotropic C kij was evaluated following the work of Goutorbe et al., (1994) as:
with 0.05 ≤ C kij ≤ 0.5. S ij, R ij , and k r are the resolved strain, stresses, and fluctuating energy, and an overbar denotes a statistical average. Further details may be found in Koutmos (1999a) .
Combustion Model
Basic turbulence/chemistry interaction model
A partial equilibrium scheme was used by constraining the gas state with respect to a pre-specified CO 2 concentration (Koutmos, 1999a) , and this two-scalar 
description employs the mixture fraction, f, and the CO 2 concentration, Y CO 2 . Here CO 2 formation from CO is assumed to proceed primarily via the reaction CO + OH ↔ CO 2 + H at a rate: r . 
. Pope (1979) originally proposed this PDF as the most likely distribution for a turbulent scalar with known first and second moments. Here it was considered suitable for conditions close to extinction as inferred from the flame structure data of . The correlation of the two PDF scalars was more conveniently implemented within the chosen shape.
The SGS scalar fluctuation energy, k fs = 1/2f~′ 2 , was obtained from the model equation: 
with C 1 = C 2 = 2.0 and τ 1 = L t ⁄ √  k s . The PDF moments are modeled in line with the scale-similarity assumption (Goutorbe et al., 1994) , relating SGS and resolved fluxes through their respective kinetic energies as follows:
where k fr is the resolved scalar energy and R CO 2 , R fCO 2 are the resolved fluctuations. The PDF constants are determined from normalization conditions and integration of the PDF form. The Favre-resolved state, Ỹ (i.e., T, Y i , etc.), is evaluated by integration as:
where J is the Jacobian (Koutmos, 1999a) .
Extinction/Reignition Model
A. The quenching criterion
The modeling of partial extinctions and reignitions derives from the approach of Koutmos (1999a, b) . Extinction is predicted when the local Damkohler, Da l , defined as the ratio of the turbulent time, τ λ = 3.88τ k (τ k is the Kolmogorov time) to the chemical time, τ ch , is below a local critical "limit" Damkohler, Da cr being a function of position and local conditions. The criterion for local quenching then reads:
, where ε and ε f are the turbulence energy and scalar dissipation rates; ∆f R is an "effective" reaction zone width variable in f space: ) and the Favre-resolved τ ch determined by integration is used in the λ criterion.
B. Treatment of the post-extinction regime
Extinction is predicted whenever the criterion holds true, and then the chemical sources are set to zero. The post-extinction and reignition behavior of the extinguished location is modeled by considering the following gas states:
a) The partial equilibrium conditions between
and
. The Favre-resolved gas state is determined from the basic partial equilibrium formulation.
b) The high strain rate "partial equilibrium limit" state Y O * Y E2 , representing the initial condition in the extinction treatment. c) A mixing asymptote "limit" state, Y M , defined and calculated as described below.
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Distributions of the time-averaged extinction parameter, λ, for a range of CH4 flame conditions as determined from the experimental data of . ( (Koutmos, 1999b) ; lines C and D: time-mean λ distributions for respective flames; ----: lower partial equilibrium bound, predictions of Koutmos, 1999a, b) . (c) Correlation of the formulated parameter, σ = τ c ∆fR, with the bimodality parameter, BIM, as reported in the experimental flame data of ; (BIM ≈ 9(σ + σ0) 0.18 , σ0 
From detailed analyses of the flame data on piloted jet flames reported by , it was demonstrated in Koutmos (1999b) (Koutmos, 1999b) by integrating an IEM equation (e.g., Obounou et al., 1994) to track the evolution of an extinguished "particle" from O to I: i.e., dB/dt = (B I -B)/τ e = −B/τ e = -B/τ e (with B I * 0). An appropriate turbulent/chemical exchange time is
L t is the physical reaction zone width (Bilger, 1988) is accounted for and modeled through an adopted parameter G = 1 + γ(1 -λ).
The rate of this reduction, being also associated with the bimodal flame structure behavior, was found to correlate well with the parameter σ = τ c ∆f R , where τ c is the chemical time-scale at extinction obtained from laminar counterflow flame calculations. This correlation was derived from analyses of the data of for a range of fuels and flame conditions. The variation in the levels of bimodality, as defined and reported in that work, with the formulated parameter σ is given in Figure 2c and appears reasonably well represented except for few of the reported flames (e.g., mixtures of H 2 /CO 2 ). This parameterization has been incorporated into the basic model through γ, which is expressed as: γ = , required in the reactedness-mixture fraction PDF turbulence/chemistry closure are obtained by invoking the extended scale-similarity assumption of the previous section. Although extinction/reignition is a local turbulent/chemical process at the molecular level, its effect is modeled and translated to the larger scales through the joint PDF at the SGS level. With the initial value of B set by the partial equilibrium, we set S B = (B M -B)/τ e after extinction has been detected, while S B = 0 otherwise. Equation (6) integrates in a Lagrangian sense the history of the gas state assuming that post-extinction mixing of the partial equilibrium products is represented by a deterministic relaxation to the inert value. The influence of broadening the reaction zone (e.g., by fuel dilution) and the transient interactions with the extinction/reignition process are then accounted for, and this is an aspect that has been considered as important (e.g., Bilger, 1988; for the prediction of the bimodal or monomodal behavior close to extinction. Furthermore, the exchange time τ e in the source of equation (6) for lean CH 3 OH compositions, which have a ∆f R of 0.135 (and Da cr , 1/∆f R ), is much less than the eddy time τ λ (τ e , τ λ (1/Da cr ) , τ λ ∆f R ) and the integration of equation (6) over a time-step of the order of τ λ will produce either fully burned or extinguished states (depending on B M ) thus recovering the experimentally observed (Masri et al., 1992) bimodal behavior of reactedness. For rich CH 3 OH compositions or in fuels with much broader reaction zones, e.g., CH 3 OH/Air, ∆f R and τ e acquire up to five times the above values. The above description is therefore likely to reproduce the gradual shift of measured scatterpoints to extinction for such fuels and compositions.
Laminar flame calculations (Seshadri et al., 1989) have identified two distinct reactive regions for methanol blends: 1) decomposition to CO 2 and H 2 between 0.19 ≤ f ≤ 0.4 and 2) "burnout/oxidation" to CO 2 and H 2 O for 0.05
0.19. The variable reaction zone width ∆f R , used by Koutmos and Mavridis (2000) , can then describe the variability of the reactedness transition time-scale over these f limits. Therefore, two disparate reaction zone widths across the basic reaction zone were considered, exploiting two turbulent/chemical time-scales, τ e , for regions 1 and 2. Values of ∆f Rs1 = 0.21 and ∆f Rs2 = 0.14 were taken based on reported and performed laminar flame calculations. This "multi-zone reaction width" formulation broadens the scope of the extinction treatment addressing a range of fuel effects due to distinct τ ei and ∆f Ri (i.e., different chemical timescales) and alleviating some restrictions of the two-scalar description. For pure CH 3 OH we have: τ e1 ≈ 1.5τ e2 and Da cr1 ≈ 0.65Da cr2 . Two separate time-scales and reactedness source term descriptions were consequently adopted while retaining the same B equation form, each being effective conditioned on the appropriate mixture fraction range.
D. The reignition regime
Reignition is allowed when: a) the λ criterion is inoperative and b) the cumulative probability of finding a flammable mixture, Obounou et al. (1994) .
NUMERICAL DETAILS
The equations are solved by a finite-volume method employing the explicit scheme QUICKEST, a staggered mesh and a third-order accurate time discretization as described in detail in Koutmos (1999a) . At each time-step (of the order of the Taylor scale), a Poisson equation is solved by a conjugate gradient method with incomplete Cholesky preconditioning to obtain the pressure. A mesh of 270 × 150 (x, r) grid nodes tested for similar flame configurations (Koutmos and Mavridis, 2000) was found to give grid independent results and was also used for the present simulations. It was dense along the shear layers, r/R j = 2-6, in the fuel injector and in the peak temperature regions while it was smoothly expanding in the axial direction. Inlet conditions were taken from the reported experiments while k-ε/assumed PDF computations provided the initial fields. The outlet condition ∂φ ⁄ ∂t + U O (∂φ ⁄ ∂x) = 0 worked satisfactorily for the present configurations.
After an initial transient, statistics were computed over 100t o (t o = D j /u j ). Run times on a HP 735 RS were about 59 hours for a complete simulation including post-processing of major statistical values.
RESULTS AND DISCUSSION
Computed results for the two methanol flames are presented and discussed to assess the improvements brought about by the present model extensions and to evaluate its performance over a range of fuel characteristics. Comparisons are performed with the measurements of Masri et al. (1992 collected at axial stations x/D j = 15, 20 and 40.
Computations of methane-piloted jet flames (Koutmos, 1999a) have already established the beneficial impact of the adopted SGS models on the calculated levels of scalar mixing. These demonstrated the considerable improvements in the prediction of the temperature and major species (e.g., CH 4 , CO 2 ) fields brought about by the basic turbulence/reactedness interactions treatment. For the present 2:1 air-diluted methanol flame, the measured variation of the mean and fluctuating temperature and CO 2 mass fraction as the fuel jet velocity gradually increases toward blow-off at the reported data-collecting position (x = 10 mm and r = 8 mm) is followed well by the calculations as depicted in Figure 3 (2000)).
of the order of 15 to 20% can be identified, both the rapid local quenching (Figure 3a) and the trend in the respective intensity levels (Figure 3b ) have been reproduced encouragingly well. The present model improvements have made possible the adequate description of the more abrupt transition to extinction of the methanol fuel blend with its broader reaction zone. Figure 4 displays computed scatterpoints (Favre-resolved values) obtained at each time-step as the solution progressed in time for the "critical" Damkohler, Da cr , and the extinction parameter, λ, both plotted against mixture fraction for the pure methanol flame C1 (u j = 127 m/s) and at x/D j = 40. This is a position that exhibits varying degrees of localized extinction across the mixture fraction space and corresponds to the experimental data shown also in Figure 5 . The local Da cr is a function of the local turbulent and scalar mixing rates and of the variable reaction zone width. Therefore, flame positions with higher mixing rates or narrower reaction zones will attain higher Da cr distributions. This signifies a flame position with lower λ that is closer to extinction. Furthermore, extinguished scat-terpoints in such locations will fall to a lower mixing asymptote state M, since
, in accord with the measured data. Few Da cr values determined from experimental data (Masri et al., 1992) for flames B1 and C1 have been added on the plot of Figure 4a . With the introduction of the "double reaction zone width" treatment, the variable ∆f R formulation was now extended into the basic reactive space of the present fuel (i.e., between its lean and rich limits). As a result, the methanol burnout zone (B) is occupied by higher Da cr values with consequent lower λ. The Da cr values in the decomposition zone (D) lie 60 to 65% lower with a λ distribution bordering the critical limit for partial extinction. Encouragingly, the computed levels are in agreement with the few experimental points. According to the present treatment, the burnout region suffers a greater degree of local extinction and an increased bimodality is expected for mixture fractions less than about 0.19; this is corroborated below by measured scatterpoint profiles (e.g., Figure 5d ).
Modeled joint statistics of Favre-averaged values for temperature and CO 2 mass fraction versus mixture fraction are depicted in Figures 5 and 6 . Scatterplots for pure methanol at a fuel jet velocity of 90 m/s taken at x/D j = 20 and r/R j = 1-2.5 are shown in Figure 5a ). At this lower velocity no partial extinction was calculated by the model and reactive scalar values were located well within the partial equilibrium bounds; accompanying λ values were about 10 to 20% above one. Although T, CH 3 OH, CO 2 , and O 2 concentrations were in reasonable accord with measurements, the shortcomings of the partial equilibrium scheme (Seshadri et al., 1989) were more pronounced for species such as H 2 O and H 2 . Since the initial conditions for the extinction/reignition region Y O rely on the partial equilibrium assumptions, any deficiencies there are likely to affect the quantitative accuracy of the extinction treatment. Inadequacies in the subgrid scale PDF may be a further cause for the observed discrepancies. Nonetheless, comparisons on the basis of major reactive scalars permit a reliable evaluation of the reactedness model. With the jet velocity increasing to 117 m/s (Figure 5b , flame B1), the local Damkohler levels fall under the critical limit Da cr , and the reactedness scatterpoints migrate below the lower partial equilibrium boundary toward the variable, distinctly determined mixing asymptote states as discussed above. No complete extinction was observed due to the lower bound set by the Y M state in the source treatment of equation (6).
In the burnout zone predicted states are mostly concentrated either within the partial equilibrium zone or in a region demarcated by the computed Y M asymptote with only a few transitional points in between. These distributions produce a bimodal reactedness PDF conditional on mixtures lying between 0.05 and 0.19. In contrast the decomposition zone scatterpoints are more gradually spread over the extinction regime. The lean side turbulent/chemical exchange time, τ e , is nearly half that of the rich side (τ e ≈ τ λ ∆f R ) and the Lagrangian source term treatment produces a distinct extinction behavior; this obviously is also dependent upon the local mixing (time-scale) conditions. The physical reactive zone width parameter, G, and the bimodality factor, σ, promote the variable behavior on approach to extinction across the split reactive zone and further on to the richer locations. This disparate reactedness transition is maintained under reignition conditions. Finally, at the higher fuel velocity of 127 m/s (Figure 5c , flame C1) the reactedness values drop even lower reaching levels of about only 10% of the lower equilibrium bound; the accompanying drop in the probability of reignition is also evident from the fewer intermediately scattered points. The influence of the variable reaction zone width has been minimized at these low λ value regions and a more uniform asymptotic distribution of reactive states is now obtained (Figure 5c ). The computed global extinction velocity for the pure methanol flame was overestimated by 12%. A somewhat different extinction behavior with pronounced variability across the lean and rich regions was computed for the same flame C1 at x/D j = 40 (Figure 5d ). Here the computed mixing time-scale has increased by almost an order, and the extinction criterion is relaxed. In both simulated and measured scatterplots, a clearly bimodal trend is indicated on the leaner side (f < 0.9) with the adjacent region exhibiting a broadly distributed reactedness between the limit states. Such distinct behavior has emerged more clearly in this location due to the closer competition of the involved time-scales, τ e1 , τ e2 , τ ch , τ ig with the turbulent mixing time-scale. Care is therefore needed in the choice of the numerical time-step advancement to resolve these time-scales.
Computations were also undertaken for the methanol-air 1:2 fuel blend. Dilution is known to lead to a broadening of the reaction zone (Norris and Pope, 1995; , making the flame less susceptible to localized extinction and more resistant to global blowout. A reactive zone extent of ∆f R = 0.58 with f L = 0.057 and f R = 0.64 was adopted for this mixture. From laminar flame calculations this was decomposed, as previously, into two oxidation regions at the stoichiometric position (f S = 0.378). The resulting effective widths of 0.262 and 0.321 (for regions 1 and 2 as discussed previously) are now more uniform and produce smoother distributions of the critical Damkohler and of the extinction parameter for both lean and rich mixture fractions. More significantly, the methanol fuel blend presents two reaction zone widths broadened by 25% and 56% for the respective regimes 1 and 2. According to the adopted modeling, the levels of bimodality and localized extinction are expected to suffer a reduction of about 38% by comparison to the pure methanol flame. This is indeed corroborated by the joint statistics computed for flame F1 (u j = 169 m/s) shown in Figure 6b , where intermediate scatterpoints appear more frequently; notably the decomposition regime emerges as the more prone to localized extinction probably due to the smaller increase in ∆f R .
Modeling the Lagrangian evolution of reactedness beyond the partial equilibrium boundaries is somewhat similar to transported PDF mixing models (e.g., Masri, Subramanian, and Pope, 1996) . Within the formulated turbulent/chemical time-scale interactions model, aptly related to the reaction zone thickness variation, the effects of combustion on mixing and vice-versa over a range of Damkohler numbers have been addressed while alleviating the burden of multi-scalar treatments. Thicker zones are susceptible to a wider interference from turbulence but at the same time are more resilient and their transition to extinction is retarded. On the other hand, although thinner zones are more sensitive to extinction, they exhibit a more active reignition behavior as it is easier to satisfy these two thresholds within a given local turbulent mixing time-scale range. The shortcoming in avoiding multi-scalar treatments, a fact that could be remedied to some extent by introducing more reactedness equations and λ criteria, is of course the lack of detailed predictions of minor pollutants, a requirement that a tractable multi-step scheme is expected to fulfill more appropriately.
SUMMARY
A 2-D LES procedure was combined with a partial equilibrium/two-scalar exponential PDF combustion submodel to compute methanol-air diffusion flames under local conditions of partial extinction. The partial equilibrium chemistry was expanded, while preserving its two-scalar character, by employing a Langrangian transport equation for reactedness in conjunction with a Damkohler-based extinction criterion and described important features of the flame behavior in the postextinction and reignition regime. Aspects such as the effect of turbulence on transient extinctions/reignitions, the variable bimodal/monomodal flame structure behavior, and the disparity of the interacting local time-scales were, to a significant extent, addressed by the model and found to have a considerable contribution on the computed results. Although a simple chemistry model was used, the formulated method produced meaningful results recovering difficult flame structure trends under conditions of intense local turbulence/chemistry interactions, and is therefore considered a worthwhile ground for further tests and development. By resolving the large-scale dynamic features of the mixing field a more profitable exploitation of the basic presumed PDF model was permitted while close interactions between the relevant turbulent/chemical time-scales were promoted. Both are issues that emerge with increased urgency in more complex reacting flows with recirculation (Vervisch and Poinsot, 1998) . Beyond that, the extinction section of the model could well be exploited in time-dependent turbulent flame calculations within an interactive laminar flamelet module treatment (Mauss et al., 1990; Pitsch and Peters, 1998 
